Abstract
Introduction 13
The binaural cues that are used to construct our internal representation auditory space are 14 interaural time difference (ITD) and interaural level difference (ILD). Both of these arise from the 15 physical structure of the head, as sounds arrive at the ear closest to the sound source both earlier 16 and at a higher level than at the further ear. Measurements of these binaural cues as a function of 17 sound source angle demonstrate that they change most rapidly at the front of a listener [1, 2] . If the 18 internal representation of space were based purely on these cues, then listeners would have 19 increased spatial resolution near the sagittal plane. Indeed this is well supported: both the threshold 20 measurements of minimum audible angle (MAA) and minimum audible movement angle (MAMA) 21 are known to change as a function of source azimuth [3, 4] . 22
The study described here examined a potential consequence of this representation of auditory 23 space: namely that if listeners do not perceptually compensate for it, then the expansion of 24 resolution at the front and contraction at the side would dictate that a sound rotating at a constant 25 angular velocity around the head would not appear to do so, but would instead appear to move 26 faster at the front than at the side. Correspondingly, listeners turning their heads at a constant 27 velocity would experience an angle-dependent change in apparent source movement. The literature 28 on auditory motion is unclear on this subject and to our knowledge no studies have directly 29 examined the perceived difference in auditory motion at different angles and directions relative to 30 the head. That said, a number of curious discrepancies in spatial auditory perception have been 31 described over the years. Some of these have been classed as 'incomplete coordinate 32 transformations ' [5] , suggesting that a person's head angle may affect the direction from which they 33 perceive a sound to emanate. Similarly, studies have reported discrepancies in listeners' subtraction 34 of their own active head movements from the movement of the auditory scene [6, 7] . 35
Although the latter two studies used Bayesian inference as a description of their observations, no 36 mathematical framework has been suggested to account for these findings. We propose instead that 37
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to be moved to reach the PSE with a reference at 0°, but the required excursion was likely much 80 greater than 35°. In Figure 1b it can be seen that when compared to reference signals at 45°, test 81 signals at 0° had to be moved significantly less to be perceived as moving the same amount, and test 82 signals at 90° had to be moved significantly more. Finally, reference signals at 90° (Figure 1c) showed 83 a pattern of expansion that was roughly inverted as compared to Figure 1a . Here it can be seen that 84 motion at 0° had to be roughly half as large to be judged as equivalent to motion at 90°. 85
2.2 Points of subjective equality for motion 86 PSE ratios were drawn from the individual logistic fits to the data (the mean of said fits are plotted 87 with dotted lines in Figure 1) . The point at which the logistic fit crossed 0.5 probability was taken for 88 each condition for each listener and divided by the reference motion PSE. PSE ratios were also 89 computed for inverted pairs (i.e., the test/reference ratio 0/90 is accompanied by 1/the 90 test/reference ratio 90/0). A scatter plot of these PSE ratios, plotted as a function of the absolute 91 difference between the test and reference angles, is shown in Figure 2 . The use of 'comparison' in 92 the legend is due to the mix of normal and inverted pairs (where reference and test are used 93 interchangeably). When the test and reference motions were identical the PSE ratios were clustered 94 around 1, albeit with a large degree of intersubject variability. PSE ratios for a difference of 45° were
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on average larger than 1.0, and ratios for a 90° difference were still larger, reaching a value of 96 roughly 2. It should be noted that the triangle symbols in the plot represent measurements in which 97 the test signals at maximum excursion were still not judged to be moving by the same amount as the 98 20° reference motion. The true values for these data points cannot be reliably estimated as the 99 psychometric functions in question did not cross the PSE, but examining the individual data and 100 logistic fits makes it clear that the values are likely to be substantially larger than 2. The Pearson 101 correlation coefficient between the PSE ratio and the difference in test/reference angle is R 2 of 0.43. 102 3 Discussion 103 3.1 The non-uniformity of acoustic motion
104
The observed changes in the apparent amount of motion across azimuth are not subtle, making it 105 somewhat surprising that this effect has not been previously reported. Across all conditions we 106 found that the relative azimuth of two signals strongly affects their point of subjective similarity for 107 motion. Roughly speaking, 20° of motion at the front of the listeners is treated equivalently to 40° of 108 motion at the sides. This difference in PSE ratio over azimuth, which we will refer to as the 109 equivalent arc ratio from here onward, represents a perceptual expansion of space at the front and a 110 contraction at the sides. On one level, the equivalent arc ratio could be interpreted as a simple 111 relationship between acuity and perception, but this belies two perceptual consequences. One 112 consequence is that a sound rotating at a constant angular velocity around the head would appear to 113 accelerate towards the front of the listener, and decelerate towards the side. The second 114 consequence is that -from the perspective of a moving listener -the acoustic world not appear 115 stable as the head turns. Instead signals at the front should appear to counter-rotate as the listener 116 turns, and signals at the side should seem to be slightly dragged along with the listener's rotation. 117
Distortion in acoustic location

118
There are two possibilities for reconciling the observed change in perceived motion as a function of 119 angle with our current understanding of sound localization. The first requires a disassociation8 between movement and location; in this case the apparent location of a signal at the end point of a 121 movement would have to be different from its apparent position(s) during the movement. There is 122 evidence in the visual system of just such disassociation [13] . It is conceivable that a similar process 123 occurs in the auditory system, but the disassociation in the visual system is thought to arise from 124 specialized motion-sensitive neurons in the middle temporal visual and medial superior temporal 125 areas [14] , brain regions known for motion selectivity [15, 16] . Motion-specific processing has been 126 observed in posterior auditory cortex [17] , however, there remains little physiological evidence for 127 auditory neurons that exhibit motion selectivity while being agnostic to spatial location. 128
If we assume, on the other hand, that auditory motion and spatial location are intrinsically linked 129 with each other, then the second possibility is that both the motion and the perceptual location of 130 static sound sources would be subtly distorted as a function of head angle. This framework prevents 131 any jump in perceived location after a movement (as would be found above), but requires that 132 listeners mislocalize sound sources. The function and its constants were chosen so that its slope at 0° 133 and its slope at 90° were related to each other in the same manner as the equivalent arc ratio 134 between these two angles. We used a hyperbolic tangent (Equation 1) because it is readily invertible, 135 although one could in principle also use a sine-expansion, or some other mathematical construct. 136
where all angles are degrees / 90 (including Θa), ln is the natural logarithm, t is a constant equal to 139 7.08, c is a constant equal to 5.97, R is the ratio between the PSE at 90° and at 0°, Θa is the actual 140 position of a signal, and Θp is the perceived position of that signal. The constants t and c were 141 empirically derived (using Matlab's fminsearch function) to ensure that the ratio between its 20° 142 slope (the amount of reference motion) at 0° and at 90° was closest to the ratio R between the PSE 143 at 0° and at 90° over a reasonable range of values of R. 144
For Θa angles larger than 0 and less than 90, the values of Θp generated by Equation 1 imply that 145 static acoustic targets would be perceived at larger eccentricities than they truly are. Precisely such a 146 phenomenon has been repeatedly demonstrated in the literature, as listeners have been shown to 147 regularly overestimate the angle of sound sources [11] , particularly when fixating at the front and 148 using a laser pointer to indicate direction. Equation 1 provides a reasonable fit to the overestimation 149 of source angle measured in at least three separate laser-pointer studies [8] [9] [10] (laser pointing being 150 the most comparable task condition it does not involve a head movement). The data from the most 151 relevant portions of these studies are plotted in Figure 3 alongside predictions from the model. The 152 predictions are plotted as the difference between perceived and actual locations (Θp -Θa), and these 153 values fall well within the range of the data from the three studies. Physiological data on this subject 154 are somewhat limited, but predictions of a neural network trained on spike data from cat primary 155 auditory cortex also show a characteristic overestimation of target position that roughly follows the 156 predicted pattern [18] . The magnitude of this overestimation, however, is far larger than has been 157 observed behaviorally or predicted by the current mathematical framework. 158
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Distortion in acoustic motion
159
When Equation 1 is used to examine motion (by examining the differences in the distortion between 160
Θa and Θp at different head and source angles) it becomes clear that the overestimation of static 161 signal angle must move with the head. The consequence of this is that signals appear to move in 162 different ways depending on their subtended angle with respect to the head during a turn. Figure 4  163 displays the way in which the apparent location of two sound sources (here a bird and a television) 164 should shift as the listener turns to the right. A signal at 0° should shift to the left and a signal at 90° 165 should shift to the right. Supplemental Figure S1 is an animation of this phenomenon depicting the 166 perceived locations of 32 static signals arranged around the head as it turns. The angle of the 167 listener's nose is depicted as a line along the radius of the circle. The expansion/contraction in Figure  168 4 and in the animation is exaggerated by a factor of 2 for clarity. 169
There are established phenomena that suggest there are perceptual distortions of auditory space 170 that depend on some interaction between stimulus angle and head angle. Genzel and colleagues [7] 171 demonstrated that, after an active head movement, a second sound source had to be shifted in 172 azimuth to be perceived as being at the same azimuth as a sound before the movement. Within the 173 framework of the equivalent arc ratio, this may be explainable as a distortion in the perceived 174 location of a static midline signal. Using Equation 1 (with a 90°/0° PSE ratio of the mean 1.82), a 35.3° 175
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active rightward movement (the average reported in the study) should result in a 0° signal appearing 176 to be at -6.5°, which not only sign-correct, it is also reasonably close to the value of -5.5° from Genzel 177 et al (2016) . Other systematic errors in movement compensation have also been documented. For 178 example, Freeman et al [6] demonstrated that signals at the front of the listener must be moved 179 with the head with a gain of +0.17 to be judged as being static. Here gain refers to amount of motion 180 with respect to the head, so if a listener turns 10° to the right, signals that move by +1.7° to the right 181 would be most consistently judged to be static. 
The relationship between the equivalent arc ratio and the MAMA
225
The equivalent arc ratio expansion observed appears to be related to -but not entirely dependent 226 on -the change in MAMA as a function of angle (the MAMA being roughly 1° in front of the listener 227 and increasing to about 4° at the side [4]). If the equivalent arc ratio were a simply the result of the 228 change in MAMA as a function of angle, then we might expect slightly larger equivalent arc ratios 229 between 0° and 90° than we observed. However, the two measurements may be linked with each 230 other on some level, as acoustic movement, whether a consequence of source or self motion, may 231 rely on similar underlying processing mechanisms [c.f. 29]. We did not test the MAMA at 0°, 45°, and 232 90° in our listeners, so we cannot at this point describe the correlation between the two measures. 233
Creating hyper-stable virtual acoustics
234
Because listeners may perceive signals to move at different velocities at different points in the arc 235 around the head, the equivalent arc ratio could be utilized alongside individualized head related 236 transfer functions and motion tracking to produce head-stabilized acoustic environments that 237 appear to be more stable than the real world. As seen from the scatter in Figure 2 , the PSE ratio can 238 vary greatly from listener to listener. As such this must be measured or approximated through other 239 means to match a given listener's spatial distortion. Given the close relationship between the 240 equivalent arc predictions and previously described overestimations of target angle, it may be 241 sufficient simply to have a listener point to a few sound sources with a laser. Regardless of how this 242 is measured, an inverse of Equation 1 that is solved for Θa would be necessary. This is included here This formula allows one to determine the angles at a signal must be presented to be perceived at a 248 particular azimuth with respect to the head. 249
Caveats
250
The range of movement excursions in this study was not sufficient to compare references at 0° and 251 test signals at 90° for all listeners. We did not anticipate the magnitude of the spatial expansion that 252 we observed and so were not able to fully bracket the motion values and measure PSE ratios for all 253 movement pairs. We were able to measure PSE ratios for the inverse of these particular 254 reference/test pairs, but direct comparison between these makes the tacit assumption that the 255 amount of spatial expansion/contraction is a simply a multiple of the reference motion. 256
It should be also noted that Equation 1, while it may be reasonably applicable to perceptual 257 distortion of signal location in the listener's front hemifield they may not accurately reflect any 258 expansion or contraction of auditory space in the rear hemifield (and indeed Equation 1 is not 259 constructed to compute the perceived location of angles beyond ±90°). We have no data that speaks 260 to this, so the expansion and contraction in the rear hemifield is depicted in Figure 4 and 261 Supplemental Figure S1 as a mirror reflection of the front, despite there being no reason to believe 262 this is necessarily the case. It remains for future studies to map out spatial distortions for 360° 263 around the head. 264
More generally speaking, since expansion estimates were only measured at three angles, it is unclear 265 whether a hyperbolic tangent expansion or some other function may be the most appropriate 266 mathematical descriptor of the change in equivalent arc ratio over all azimuths. Future work will be 267
required to determine what function best captures the observed phenomena but -provided the 268 function is readily invertible -such a technique could potentially increase the experience of 269 immersion for virtual reality systems. 270
Conclusions
271
Sound sources at the side of a listener must move at least twice as much as ones in front to be 272 judged as moving the same amount. This expansion of space in the front and compression at the side 273 that moves with the listener we term the equivalent arc ratio, and likely has real consequences for 274 spatial perception in dynamic listening situations. The prediction that the apparent location of static 275 sound sources may also be distorted suggests that this phenomenon is not limited to moving signals. 276
A mathematical model that mimics the equivalent arc ratio can be used to successfully predict 277 several previously unexplained phenomena in spatial auditory perception. We further suggest that 278 the inverse of this function could be utilized alongside individualized head related transfer functions 279 and motion tracking to produce head-stabilized virtual acoustic environments that appear to be 280 more stable than the real world. 281
Materials and Methods
282
Participants
283
We recruited 30 normal-hearing listeners, with normal hearing being defined as a four-frequency 284 average pure tone hearing threshold of less than 20 dB HL. Five listeners were excluded from the 285 analysis because they did not complete the full set of trials. We collected complete data sets for the 286 remaining 25 listeners, the result of two separate visits to the lab, with sessions of 60 minutes each. 287
The average age of the listeners was 27 (±7.3 STD) years, ranging from 22 to 58 years old. We 288 received written and verbal informed consent from all subjects and the experiment was conducted 289 in accordance with procedures approved by the West of Scotland Research Ethics Service. 290
Stimuli and Presentation
291
The experiment was conducted in a 4.8 x 3.9 x 2.75 m double walled, sound-attenuated chamber 292 that had 10 cm acoustic wedge foam lining the walls and ceiling, but not the floor, which was 293 carpeted. The listeners were seated in this chamber in the center of a 3.5 m diameter circular ring of 294 24 Tannoy VX-6 loudspeakers (Tannoy, Coatbridge, UK) placed at intervals of 15°. Because a forward 295 (towards the 0° loudspeaker) offset in listener position could yield an apparent expansion in space,the listener's head was aligned with a spot on the ceiling and the floor. This method, while subject to 297 a few centimeters of error, prevented a misplacement that could explain the results observed (which 298 would require the listener to be at least an order of magnitude closer to the front loudspeaker). 
Experimental Paradigm
311
We measured the point of subjective equality (PSE) for amount of acoustic motion between "test" 312 and "reference" signals. The reference signal always moved 20° in a random direction and the test 313
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signal moved either less, the same, or more (5, 10, 15, 20, 25, 30, or 35°) , also in a random direction 314 (see Figure 5 ). The order of the test and reference signals was also randomized. In a two-alternative 315 forced choice paradigm, listeners were asked to report on a touchscreen whether the first or second 316 signal 'moved more.' If the listeners requested clarification on these instructions, they were told that 317 their task was to report whether the first or second noise moved over a larger distance in space, 318 regardless of its duration or apparent speed. Both the reference and the test signals could be 319 centred at either 0°, 45°, or 90° (See Figure 5 ) plus or minus a random value drawn from a uniform 320 distribution between -7.5 and 7.5°. The duration of the test and reference signals were individually 321 randomized on every trial to a value between 0.5 and 2 seconds. In this way, we mitigated velocity 322 and duration as potential cues, leaving total angular excursion as the variable that listeners were 323 asked to judge. Listeners were asked to complete a total of 10 blocks of 126 trials, each of which 324 contained 6 repeats of the 21 conditions. 325
The resulting psychometric functions for each listener were individually fitted with a logistic function 326 using Matlab's fminsearch function. The resulting parameters were fed into an inverse logistic 327 equation to compute the test excursion value at which the function crossed the PSE (the reader may 328 roughly infer these values in Figure 1 as the point where the mean fit (dotted line) crosses 0.5 on the 329 y-axis). For logistic fits that did not cross the PSE before 40° (the next larger measurement point 330 step) we fixed the value at 40°. This likely underestimates the true PSE for many listeners, but avoids 331 excessive extrapolation. This value was divided by the reference excursion of 20° to yield a ratio 332 expressing the amount of expansion or contraction of auditory space. 333
Statistics
334
All statistics were performed with the Statistics Toolbox in Matlab 2016a. The analysis consisted of a 335 three-way repeated measures ANOVA with the dependent variable being the proportion of 'moved 336 more' responses, and the independent variables being reference angle, test angle, and test 337 excursion. Alpha was set to 0.05. 338 
